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DRAG REDUCTIONS OBTAINED BY MODIFYING A 


BOX-SHAPED GROUND VEHICLE 


Edwin J . Saltzman , Robert R . Meyer , Jr . , and 
David P . Lux 
Flight Research Center 


INTRODUCTION 


Recent increases in the price of gasoline and diesel fuel, and uncertainty 
regarding future fuel supplies , have resulted in widespread interest in increasing 
the efficiency of ground vehicles . There are several approaches worthy of study 
in this regard . Prominent among these is the possibility of reducing aerodynamic 
drag. 

There are substantial amounts of data concerning the drag of subscale models 
of automobiles , techniques for testing such models , and ways to estimate full-scale 
vehicle drag (refs. 1 to 10) . Some studies have also been made with truck-like 
shapes (refs. 11 to 14) . 

Results from a box-shaped vehicle (ref. 15) indicate that substantial differences 
sometimes exist between the drag characteristics of highway- sized rolling vehicles 
and similarly shaped subscale models . In light of these findings , and because high 
volume box-like shapes are aer ©dynamically inefficient, further work has been 
done with modified versions of the vehicle described in reference 15. The modifi- 
cations consisted of rounding the horizontal and vertical corners of the front of the 
vehicle, rounding these corners on the rear of the vehicle, sealing the bottom of 
the chassis with a full-length fairing and then using a 3/4-length underbody fairing. 
Drag results from these configurations are compared with the reference 15 data 
for the vehicle with all corners square and vertical corners rounded. 

Test velocities ranged up to 65 miles per hour and the corresponding Reynolds 
numbers ranged up to 1 X 10* based on vehicle length. A simple coast-down tech- 
nique was used to define the drag. 



SYMBOLS 



velocity inc^cnv nt 


W vehicle weight for each test 

w width of vehicle 

\x absolute viscosity 

p air density 

VEHICLE CONFIGURATIONS 


The test vehicle used for this series of configurations is the same basic vehicle 
as described in reference 15, The various configurations were achieved by 
relatively simple changes to sheet metal that was affixed to the subframe of the 
carrier vehicle as described in reference 15- The various configurations are as 
follows: 


1 

Corners j 


Configuration 

Front 

Rear 


A 

Square 

Square 

Fxposed 

B 

Vortical rounded . 
horizontal square 

Vertical rounded , 
horizontal square 

Exposed 

C 

Rounded 

Rounded 

Exposed 

D 

Rounded 

\ Rounded 

Full-length seal 

F 

, Rounded 

, Rounded 

| V 4 -length seal 

I 

Rounded 

j Square 

3. 4 - length seal 


Configurations A and B were the subject of study in reference 15. All the 
configurations had the same length and the same frontal area. These dimensions 
can be obtained from figure 1 . 

Configurations With Underbody Exposed 

Configuration A, with all corners square, is shown in figure 2, and configu- 
ration R, with rounded vertical corners in the front and rear, is shown in figure 3. 
The radius of the rounded corners for configuration B was equal to 20 percent of the 

vehicle width, that is, ~ = 0.2. Configuration C, in which all (horizontal and 
vertical, front and rear) corners were rounded, is shown in figure 4. All rounded 
corners for configuration C had an ratio of 0.2. 


\ 


3 



’I j© jnderbody of configurations A, B, and C was exposed: that is, the front 
system, transmission , driveline, rear axle, differential, and other 
u/i'j rfOQv parts were exposed to the air that flowed underneath the vehicle. A 
p!i.*.jrnoh of the exposed underbody that was taken before the sheet metal shell 
?*scheri to the vehicle is shown in figure 5. 


Configurations With Underbody Sealed 

Lcn'igurations D, E, and F had a partially or fully sealed underbody. Except 
lor tit*- inderbody , configurations D and E were the same as configuration C. The 
iuli-i#j>;th underbody seal of configuration D and the 3/4-length seal of configu- 
ratjoi J ire shown in figures 6(a) and 6(b) as seen from a viewer position similar 
U: tn* 1 exposed underbody photograph of figure 5. Further details pertaining to the 
unaeoody seal will be given in a following subsection. 

Ctniiguration F (fig. 7) had the same rounded corners in front as configura- 
uorih ( . :j . and E and a blunt aft end with all corners square like configuration A . 
1' nao he 3/4-length underbody seal used on configuration E . 


Underbody Seal 

Tin rull-length underbody seal was configured so that it faired smoothly into 
me ir'.ri md rear lower horizontal rounded corners. An aft-facing gap underneath 
tne \ ei.cio permitted the cooling air that passed through the engine radiator to 
esoapt luring cooling vent open operation . This gap is shown from behind the 
gap mi' ^om the left of the left wheels in figure 8(a) . A somewhat similar view of 
tne exposed underbody is shown in figure 8 (b) . 

Tie wheel wells were sealed for configurations D > E, and F. They were 
urtseaxvi for configurations A, B, and C. Figure 9(a) shows the front wheel well 
.jfin. *rhch was made of fiber glass cloth and tape to allow the front suspension 
systea to ilex. Figure 9(b) shows the same front wheel well before the underbody 
unc well seals were installed. 

metal and tape were used to seal the rear wheel wells. Figure 10(a) 
showfc me right rear wheel well seal installation viewed from somewhat behind the 
uxle . figure 10(b) shows the left rear wheel well before the installation of the 
wheti vreil seal, also viewed from behind the axle. A portion of the bottom seal 
c nc c former between the bottom seal and the axle are visible below the axle. 
Although the rear wheel well seals were in place for configurations D, E , and F , 
full-length bottom seal was installed only for configuration D. 

Configuration D was unique in another way . As the former and sheet metal 
lairing visible in figure 10(b) suggest, the full-length seal impaired the freedom 
of movement of the rear suspension system . To prevent the rear part of the 
under body seal from buckling, the rear suspension motion was eliminated by tying 
the axle to the chassis with two heavy shackles. The shackles were removed for 
configurations E and F because the underbody seal terminated immediately in front 


of the rear wheels. Vertical slots were provided in the rear wheel seals for 
configurations E and F to allow the rear axle to respond to road discontinuities 
without damaging the seals . 


TEST PROCEDURE 


Method and Test Conditions 

The coast-down method was used to obtain the total drag of the vehicle . 

Total drag is used here to mean the sum of the aerodynamic drag , the tractive 
drag of the tires and bearings , the gear resistance back through the drive line to 
the transmission , and the thrust from the rotational inertia of the wheels , tires , 
and other parts of the drive line. The coast-down method is described in refer- 
ences 16 to 18, and the specific approach taken for the present investigation is 
described in reference 15. 

Most of the test runs were made on the runway used to investigate configura- 
tions A and B (ref. 15) . This runway is exceptionally smooth and has an eleva- 
tion gradient of only 0.08 percent; the effects of gradient were eliminated by 
averaging runs made in opposite directions. This procedure also compensated 
for the effects of winds . Testing was cancelled when winds exceeded 2 to 3 knots 
along the runway , or 5 to 6 knots across the runway; however, most of the tests 
were made early in the day when it was calm. The most common wind condition 
that was encountered , when there were winds , was a cross wind of up to 2 or 
3 knots . 

Wind velocity and direction , ambient pressure , and temperature were monitored 
and documented for each day of testing so that the effects of these factors could be 
taken into account. The vehicle was weighed, with occupants, after each day’s 
testing to provide the proper mass for computing drag. The vehicle began each 
day of testing with a tire pressure of 38 pounds per square inch. All the results 
presented in this report and in reference 15 represent the cooling vent closed 
condition. The cooling vent is shown open and closed in figures 2 and 3, respec- 
tively . 


Instrumentation 

Deceleration. — Two methods were used to define the vehicle's deceleration for 
the investigation described in reference 15 - the speedometer-stopwatch method 
and a backup accelerometer-oscillograph method . The accelerometer readings 
were influenced by the depression of the front suspension system during decelera- 
tion, so with the accelerometer-oscillograph method corrections were necessary 
to define the actual rate of change of forward velocity. The speedometer-stopwatch 
method provided the absolute value of the rate of change of velocity more directly 
and was more convenient, so it was the only method used for this investigation. 


prise pressure.- Base pressure measurements, which were acquired for 
. -on* igu rations E and F only . were made by using a precision direct reading 
Ul . solute aneroid dial barometer. Tare readings were made at zero velocity on the 
portion of the runway where data runs were made so that runway elevation gradient 
eifects were eliminated. Then data runs were made repeatedly in both directions 
past the tare location. Tare readings were interspersed between the data runs to 
provide a history of tare pressure for zero velocity as a function of time. By 
knowing the time of each data run . the appropriate absolute taro value was applied 
and the AP^ for a given veloe ry s* - obtained. 

A backup measurement Oi base pressure was made by using a differential 
pressure transducer sensor that was referenced to a flush orifice located near the 
middle of the top surface of the vehicle. The transducer output was recorded on 
an oscillograph. The backup method confirmed the results from the aneroid 
barometer . 


RESULTS 


Tuft Patterns 

Tuft patterns for configurations A, B , and C for a calibrated speed of 55 miles 
per hour are shown in figures 11(a) , 11(b) , and 11(c) , respectively, for the 
cooling vent closed. Figure 11(a) shows that for the square- cornered configuration 
the flow separates just behind the front vertical corner and that completely attached 
How is not achieved anywhere along the side. A corresponding photograph showing 
the top surface of configuration A is not available; however, a photograph of the tuft 
pattern at the top forward edge of configuration A (fig. 12) suggests a condition of 
separated flow similar to the side's. Figures 11(b) and 11(c) show that flow is 
attached with rounded corners over all the surfaces in view . The flow remained 
attached over the forwardmost portion of the rear rounded corners. The tuft 
patterns for each configuration were the same whether the cooling vent was open 
or closed except for the region immediately adjacent to the opening. 


Total Drag 

Total d^ag results for configurations A to D are presented in figure 13. The 
total drag was derived from measurements of coasting deceleration, which includes 
the effects of mechanical factors as well as aerodynamic resistance, as follows: 


D *- D - 
m a 


AV 
c 

At 


W 
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where th^ mechanical drag, D m , consists of the tractive drag of the rotating parts 

from th tires, 1 t ek through the driveline to the transmission , and the thrust from 
the roL/ ; on artia of these parts. The symbol at V « 1 in figure 13 is the low- 

limit tr. + iv< g measured for the vehicle for tire pressures between 38 pounds 


per square inch and 4P pounds per square inch. The heavy dashed curve is an 
extrapolation for velocity effects on tractive drag that is based on a semiempirical 
equation from reference 1 . The extrapolation provided by this expression was 
derived by Hoerner (ref. 1) for tire characteristics of the 1930 f s and 1940's; how- 
ever , it has been found to provide velocity effects that agree with modern tires of 
the type used in this experiment (refs. 18 to 20) . 

Figure 13 and the following table show the improvement in performance (that is, 
speed capability) due to the increasing aerodynamic refinement of configurations B, 
C, and D as compared with A. Indexes of 200 pounds of total drag and 34 horse- 
power were chosen arbitrarily to demonstrate the velocity obtainable by each 
configuration , within these indexes . 


Configuration 

V c for n t = 200 lb, 
mph 

for 34 horsepower, 
mph 

A 

39.5 

47.5 

B 

48.5 

54.5 

C 

56.0 

59.5 

D 

63.5 

63.5 


Thus, rounding the horizontal and vertical corners (configuration C) increased 
the velocity for 200 pounds of total drag by approximately 42 percent and the 
velocity for 34 horsepower by 25 percent compared with the configuration with all 
corners square (configuration A) . The addition of the underbody seal (configu- 
ration D) provided corresponding velocity increases of approximately 60 percent 
and 34 percent, respectively. 


Aerodynamic Drag 

The aerodynamic drag of each configuration was calculated by subtracting the 
extrapolated tractive drag from the total drag and accounting for the calculated 
effects of rotational inertia. The resulting aerodynamic drag coefficients for each 
configuration with the cooling vent closed are summarized in the following table, 
which is for a calibrated speed of 60 miles per hour; the nonparabolic curves (con- 
figurations C and D) in figure 13 indicated that these values of drag coefficient aonlv 
only at this speed . 


Configuration 

c ”„ 

AD « 

0 — , percent 
°D 

A 

1.13 

0 

R 

0.68 

40 

C 

0.520 

54 

D 

0.440 

. 61 

E 

0.443 

61 

F 

0.463 

59 


7 





The configuration with all comers square (configuration \) h-m ;»n aerodynamic 
drag coefficient of 1.13, significantly higher than the model values of 0.«d (ref. 1) 
and 0.93 (ref. 12). As mentioned in reference 15, this diflcrence is believed to be 
caused primarily by the exposed underbody protuberances of the actual u -t vehicle, 
which were not adequately simulated by the models . 

Configuration B provided a 40-percent reduction in aerodynamic drag as 
compared with configuration A , and the corresponding reductions provided by 
configurations C and D were 54 percent and 61 percent, respectively. 

Configurations C, D, E, and F had aerodynamic drag coefficients close to those 
of conventional automobiles, as is apparent from a comparison of the values of C D 


in the table with those in figure 14. The figure, which is adapted from reference 9, 
shows the trend of with automobile type. References 4,5, and 10 confirm this 
a 

finding. Thus, although a modern automobile has an appearance of sleekness, its 
aerodynamic drag coefficient is in most cases about the same as a relatively clean 
box with its forward corners rounded . 

A comparison of configurations C and D shows that the full-length underbody 
seal reduced aerodynamic drag approximately 15 percent. Similar results were 
obtained with a 3/8-scale model of a conventional automobile with the flow through 
the radiator blocked (ref. 5). The reduction in aerodynamic drag provided by the 
3/4-length seal (configuration E) was also approximately 15 percent. This result is 
in general agreement with the model data from reference 5, which showed that the 
difference in drag between an automobile model with a full-length seal and one with 
a seal with the aft third removed was negligible . 


Underbody seals like those of configurations 1) or E may result m even greater 
reductions in drag for full-scale family sedans or station wagons than they did 
for the configurations tested, assuming that the automobile's exposed underbody is 
similar to that shown in figure 5. This possibility exists because the frontal area 
of an ordinary automobile is small compared with that of the configurations tested , 
which means that a similar reduction in drag would be larger in proportion to the 
vehicle's overall aerodynamic drag. 

The design of the underbody seal used in this investigation , although effective 
in terms of reducing drag, would require changes in detail to be practical for 
general use. For example, the heat from the exhaust system was trapped between 
the seal and the floor of the carrier vehicle. In addition, the seal was difficult 
to remove , which complicated routine maintenance from underneath. Each of these 
problems should yield to a thoughtful design effort, however. 

Rounding the corners obviously results in a loss of usable volume, l or 
configuration B, the loss in volume was 1.4 percent as compared with configura- 
tion A. The corresponding volume loss for configurations C, B, and E was 
3 . 0 percent , and for configuration F it was 1 .5 percent . 

This study was limited to the coast-down method of sensing drag, which in and 
of itself does not define the fuel consumption , or fuel mileage, of the respective 
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configurations. Therefore, the demonstrated reductions in drag will not be evalu- 
ated quantitatively in terms of savings in fuel. However, references 2, 14, and 2i 
to 23, among others, suggest that at highway speeds fuel savings in percent are 
between one-third and one-half of the magnitude of the percentage of reduction in 
aerodynamic drag. This depends on such factors as the vehicle's configuration, 
loading, the route, the type of driving, and the presence of wind. 

The only difference between configurations E and F is that the back four corners 
of configuration F were square; therefore, the base of the vehicle was completely 
flat. This permitted a cursory examination to be made of the cost in drag of the 
flat base, which is common on trucks. It is understood that these flat bases are 
advantageous in terms of ease of fabrication and rear door size and secondarilv in 
terms of volume . 

The drag penalty of configuration F as compared with configuration E as deter 
mined from the deceleration data was approximately 5 percent at 60 miles per hour 
for calm wind conditions. This corresponds to an increase in aerodynamic drag 
coefficient of 0.02 . These data suggest that a vehicle with only the four front 
corners rounded and an exposed underbody (in other words , configuration C with 
a flat base) would have an aerodynamic drag coefficient of approximately 0. 54 at 
60 miles per hour, which would represent a saving of about one-half in aerodynamic 
drag compared with configuration A. Thus, the penalty of a flat base is relatively 
small for calm wind conditions. Limited experience with configurations E and F 
suggest , however, that the vehicle with the flat base was more sensitive to cross- 
winds than it was with a rounded base, and with the resultant velocity component 
displaced 5° or 6°, the aerodynamic drag coefficient of configuration F increased 
from approximately 0.46 to 0.49. Thus, as is often done, it is good design practice 
to round the rear corners of buses and motor homes , which do not require a large 
door at the base . 

The drag penalty associated with having square a ft corners was also evaluated 
by making base pressure measurements on configurations E and F. The bas*' 
pressure coefficients, C p , were -0.24 for the rounded base (configuration E) and 

D 

-0.30 for the square-cornered base (configuration F) . The pressure coefficient for 
the base with rounded corners represents only the flat portion of the base. 

Base pressure data from three variations of a wind-tunnel model that simulated 
box -shaped ground vehicles and did not have whee or wheel wells are compared 
in the following table with the base pressures obtained for configurations E and F: 


Vehicle 

Configuration 

R 

(£) 

'base 

Cp b 

Actual 

E 

F 

1 X 10 7 

0.2 

0 

-0.24 . 
-0.30 


- 


0.3 

-0.20 

Model 

- 

2 .3 X 10® 

0.1 

-0.20 


- 


0 

-0.30 
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The base pressure coefficients from the vehicle of the present study and those 
from the reference 24 wind-tunnel model tend to agree. 
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for the actual vehicle are believed to be caused primarily by underbody protuber- 
ances, which were not simulated by the models. 
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E-26S7S 

Figm 2. Configuration A . All comers square . Cooling vent open . 
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E-26774 


Figure 3. Configuration B. Rounded front and rear vertical 
corners . Cooling vent closed . 
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Figure 4. Configuration C. Rounded front and rear horizontal and 
vertical comer* . Cooling vent closed . 


Figure 5. Exposed underbody looking rearward. E-277 1 6 
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E-2736S 


(c rull-length seal. Configuration D. 


Figure 6. Sealed underbody looking rearward. 
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E-27628 


(b) 3/4-Iength seal. Configurations 
Figure 6. Concluded. 
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E-27718 


Figure 7. Configuration F. Rounded horizonfat and vertical comer, 
in front t .quare comer, at the rear. Cooling vent c/o.ed. 


Figure 8. View beneath front wheel, looking forward. 








(b) Exposed underbody. Configurations A , 
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fa) Sealed. Configurations D, E, and F. E-273G5 




• - /W-\ \ t ‘ . • *- 4 

t - v « ,;;$/&&- 6 /»*• . ■ - . .; . ,. ,;J 

pii • 4 v 4 * 4 ' !•%••• • •• •'■■ ;• .--• .’■' ; f 4 

' ’ ->V .# 

fi 6 -' '■ v .>— '. JT . ... 


; 4, i njg r i» a ,m4Z£ 


(b) Exposed. Configurations A $ B 0 and C . E-27721 


Figure 9. Right front wheel well , looking rearward . 


















ire 12. Tuft pattern ; for configuration A at a calibrated speed of 55 miles per hour. 
ling vent closed; front view. 
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Configuration 
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Figure 13. Relationship of total drag to velocity. Obtained by the coast-down 
method with stopwatch-speedometer readings. (The tractive drag does not 
include the rotational inertia of wheels and tires . ) 



Aerodynamic rating 


Figure 14. Variation of aerodynamic drag coefficient with automobile 
type and aerodynamic rating (adapted from ref. 9). 
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